Abstract
as potential alternatives to CaCl, but no MgCl bands can be identified in samples containing both 23 Mg and Cl. The study confirms that CaCl is well suited for the indirect detection of chlorine, but 24 finds a strong dependence on the concentrations of Ca and Cl in the sample. Spectra from 25 samples with a high chlorine concentration can have low-intensity CaCl emission due to a 26 deficiency of Ca. A qualitative estimate of the sample composition is possible based on the ratio 27 of the band intensity of CaCl to the intensity of Ca emission lines. show that the CaCl concentration in the plasma is highest after about 1 µs.
Introduction

30
Chlorine plays an important role in the research of Martian geology. Studies of Martian 31 meteorites (Dreibus and Wänke, 1985) and remote sensing measurements of the Martian surface 32 (Keller et al., 2006; Taylor et al., 2010) have shown significant enrichments in chlorine, leading 33 Dreibus and Wänke to suggest that the chlorine concentration of Mars is about three times higher 34 than that of Earth (Dreibus and Wänke, 1987) . The heterogeneous distribution of chlorine at the 35 Martian surface has been linked to geological processes such as hydrothermal and volcanic 36 activity (Keller et al., 2006) . It has also been suggested that, instead of water, chlorine was the 37 dominant volatile species in Martian magmas (Filiberto and Treiman, 2009) . Additionally, 38 chlorides and perchlorates are important salts in the search for liquid water on Mars. Aqueous 39 solutions with salts have a lower freezing point and reduced equilibrium vapor pressure, which 40 leads to an increased stability of the solution (Haberle et al., 2001; Rennó et al., 2009; Smith et 41 al., 2009) . Therefore, precipitates of salts are expected in areas where water has evaporated in the 42 past. Both chlorides and perchlorates are among the salts that have been detected remotely and 43 in-situ on the surface of Mars (Ehlmann and Edwards, 2014; Hecht et al., 2009; Massé et al., 44 2010; Osterloo et al., 2008) . The detection of chlorine is important for a more complete 45 understanding of early Mars, present Martian environments, and the history of water on Mars. 46 This remains a major goal for current and future Mars missions. 47 The NASA Mars Science Laboratory (MSL) Curiosity rover has been successfully operating 48 at Gale crater since August 2012, with the goal of searching for habitable environments 49 (Grotzinger et al., 2012) . The ChemCam instrument suite, which employs laser-induced 50 breakdown spectroscopy (LIBS) to measure the elemental composition of a Martian target at 51 stand-off distances between 1.3 m and 7 m from the rover (Maurice et al., 2012) , has acquired 52 more than 188,000 spectra from over 650 Martian targets during its nominal mission alone 53 (Maurice et al., 2016) , and has since surpassed 500,000 laser shots. Three spectrometers allow 54 spectral measurements from 242 nm to 900 nm, with gaps at 335-385 nm and at 465-510 nm 55 (Wiens et al., 2012) . A camera known as the Remote Micro-Imager provides visual context for 56 the measured spectra, and is also used to autofocus the laser on the target after the malfunction of 57 the focusing laser on sol 801 (Peret et al., 2016) . Following the ongoing success of the 58 ChemCam instrument, an enhanced follow-up instrument called SuperCam is planned for the 59 upcoming Mars 2020 mission (Maurice et al., 2015; . Like its predecessor, 60 SuperCam will employ LIBS among other spectroscopic methods (Raman spectroscopy, visible 61 and near infrared spectroscopy, and time-resolved fluorescence spectroscopy) to analyze the 62 elemental and mineralogical composition of Martian targets. 63 LIBS is a kind of atomic emission spectroscopy that uses a high-intensity laser pulse to form a 64 plasma from ablated sample material (e.g. Cremers and Radziemski, 2006) . The plasma consists 65 of atoms, ions, electrons, and simple molecules. Electrons emit a continuum due to 66 bremsstrahlung and recombination events, while radiative transitions from atoms, ions, and 67 simple molecules result in characteristic emission lines and bands in the spectrum. Analysis of 68 these emissions reveals the elemental composition of the sample. LIBS is well suited for remote 69 sensing in extraterrestrial exploration, as it requires no sample preparation and can be performed 70 over distances of several meters (Knight et al., 2000) . The technique can be used in a wide range 71 of environments, from vacuum to high-pressure conditions like those found on the surface of 72 Venus (Arp et al., 2004) . The atmospheric pressure of around 7 hPa on Mars is near-optimal for 73 LIBS, however, as it confines the plasma plume moderately while reducing the collision 74 frequency, resulting in a high signal intensity (Knight et al., 2000) .
75
The emission spectrum of an element depends on the distribution of its electronic energy 76 levels. Halogens such as chlorine have very high excited electronic energy levels, so that the 77 strongest emission lines are in the ultraviolet (UV), where common LIBS set-ups are not 78 sensitive (Cremers and Radziemski, 1983) . Emission lines in the visible and near-infrared 79 spectral range, such as the neutral Cl line at 837.6 nm, are low in intensity. The detection of 80 chlorine with ChemCam has therefore been challenging (Anderson et al., 2017) , and the presence 81 of chlorides in Martian targets can sometimes only be inferred from strong emissions by a likely 82 cation (e.g. Clegg et al., 2013) . 83 Recently, it has been shown that LIBS sensitivity for halogens can be significantly improved 84 by using molecular emission from the simple molecules that form as the halogens recombine in 85 the plasma (Gaft et al., 2014) . Emission spectra of these molecules consist of more or less 86 intense bands with characteristic shapes that can often be easily identified and are well-87 documented (e.g. Pearse and Gaydon, 1976) . The observation of molecular bands of calcium 88 monofluoride (CaF) in ChemCam spectra allowed for the detection of fluorine for the first time 89 on Mars (Forni et al., 2015) . Likewise, indirect detection of chlorine via calcium monochloride 90 (CaCl) bands has improved the detection of chlorine in Martian samples (Cousin et al., 2015;  91 Forni et al., 2015) . The most intense CaCl bands are the orange system (B 2 Σ -X 2 Σ, short "B-
92
X band") from 581 nm to 607 nm, and the red system (A 2 Π -X 2 Σ , short "A-X band") from 93 605 nm to 636 nm (Pearse and Gaydon, 1976 (Bish et al., 2013; Ehlmann et al., 2011; Meslin et al., 2013 (Cousin et al., 2015) . Martian regolith simulant JSC Mars-1A ("JSC"), and a dunite reference material are investigated.
133
The salts were selected because they are of high interest in the context of brine formation on 134
Mars (Möhlmann and Thomsen, 2011; Schröder et al., 2013 ). (Fig. 1a and b) , which have the highest chlorine content of the shown spectra.
220
As expected, the Cl line is less intense than the emission lines of both K and Na, which are 221 present in equal concentrations as Cl in their respective samples. In contrast to the low intensity 222 of the Cl line, there is a strong signal from the A-X band in many of the spectra, even when the 223 Cl line cannot be observed.
224
The spectrum of CaCl 2 mixed with MgSO 4 shows a strong hydrogen emission (Fig. 1c) . This 225 indicates that, although samples containing these salts were stored in a desiccator, the hydration 226 state was still high at the time of measurement. During the measurements, the formation of liquid 227 water on the surface of the pellets could be observed, which further hints at strong adsorption of 228 atmospheric water. The low total intensity of the spectrum is most likely related to the high 229 translucence caused by the hydration and adsorption of water, as a high translucence reduces the 230 coupling efficiency of the laser (Schröder et al., 2013) . In the spectra of KCl and NaCl mixed 231 with JSC ( Fig. 1d and calcium-free chlorides. Indeed, the distinct shape of the A-X band can be recognized in Fig. 1d 239 and e, if the corresponding parts of the spectra are magnified. band (Pearse and Gaydon, 1976) , the intensity is further reduced because the band is at the 246 transition of two adjacent echelle orders, where the sensitivity of the spectrometer is up to 45% 247 lower than it is at the center of an order. As the A-X band shows an improved signal-to-noise 248 ratio in comparison to the B-X band, the decision was made to focus on the A-X band for this 249 study. The location of the A-X band at the center of an echelle order allows for detection with 250 high sensitivity and an easy separation from the continuum emission. can be seen easily, while the B-X band (from about 591 nm to 596 nm) is less intense due to the echelle spectrometer's reduced sensitivity in this spectral range. expected to exhibit strong heads at 377 nm, 377.5 nm, and 377.9 nm (Pearse and Gaydon, 1976) .
260
Another MgCl band with heads at 787.2 nm and 789.4 nm has also been reported (Querbach, 261 1930 The observed signals around 377 nm are not the expected MgCl bands, since they are also present in the dunite sample, which contains no chlorine. It is unclear which molecules are responsible for the observed molecular bands.
Between 787 nm and 790 nm, no molecular bands can be observed for any of the investigated samples. was set to 10 µs.
299
The plasma temperature was calculated for all delay times from individual Saha-Boltzmann 300 plots (e.g. Aragón and Aguilera, 2008) of the most persistent Ca lines and Cl lines (Table 3) as 301 seen in Fig. 5a . Fig. 5b shows the temporal evolution of the plasma temperatures. The decrease 302 from initial temperature 0 was modeled using Newton's law of cooling with the saturation 303 temperature and the cooling rate constant :
306
In order to fit the temperature values from the Saha-Boltzmann plots, the integral of (1) over 307 the gate time was used. The resulting fit parameters for Ca lines and Cl lines are shown in Table   308 4.
309
The saturation temperatures are reached after about 4 µs and differ by almost 8000 K. The 310 temperature calculated from Cl lines is higher than the temperature calculated from Ca lines.
311
This might be an indication of a spatial separation of the species inside the plasma. Differences 312 in the density distributions and expansion of the elements in LIBS plasma plumes have been 313 reported in various publications (e.g. Aguilera et al., 2003; De Giacomo et al., 2008; Lee et al., 314 1992). Since the temperature is higher in the center of the plasma plume (Aguilera et al., 2003) 
Variation of Cl and Ca concentration
333
The primary goal of the investigation of mixed samples was to find the ratio of Ca to Cl that Cl content. In samples where Ca and Cl are anti-correlated ( Fig. 6a-d The overall highest band intensities are reached in samples with a high content of CaCl 2 , 348 which provides both reactants (Fig. 6e, f) This was used to fit the measurement data. The second-order reaction rates are given by (e.g. 395 Laidler, 1977): 
423
Here, t del is the delay time and t gate is the integration time of the measurement.
is a 424 parameter that relates the integral of the CaCl concentration to the band intensity.
425
The values for t del and t gate are determined by the measurement settings, only depend on the reacting species, so their values are assumed to be the same for all samples.
433
The expansion parameters , , and mainly depend on the atmospheric pressure, and 434 should be the same for all samples as well.
435
The initial volume 0 of the reaction region, its rate of change , the number density of 436 atoms and ions in 0 , and might be different for the samples, as variations in composition, 437 grain size, transparency, and hygroscopicity of the samples affect the amount of ablated material, 438 and likely the spatial distribution of elements inside the plasma plume as well. However, they are 439 assumed to reach similar values for samples that were mixed from the same two substances.
440
Therefore, the same value is used for all samples in this case.
441
All measurements from mixed samples and from pure CaCl 2 were fitted with the model 442 described above. The best-fit parameter values obtained for the reaction parameters and the 443 expansion parameters are shown in Table 5 . The fit describes the measurements very well, as it 444 accurately follows both the temporal evolution of the band intensity in pure CaCl 2 (Fig. 4a) as 445 well as the changes in concentration for all mixed samples (Fig. 6) . Differences of the intensity 446 curves for both measurement time settings are also accurately described by the model. The in LIBS plasma will be necessary in order to understand why no MgCl bands could be observed. The measurements of the A-X band intensities in mixed samples confirm that the MgCl has formed in the LIBS plasma at all. In contrast, the formation of CaCl was observed for amounts of Ca, Cl, and F will be addressed in a future study. 
